Abstract
Introduction

Bone tissue is a highly specialized tissue that has as main function the structural support of the body. Moreover, it also functions as a mineral reservoir of the body, a protection for the internal organs and is involved in motion and load bearing. Taking in account the functional importance of this tissue, one may infer that any bone injury poses a high impact on the quality of life of an individual. In the United States alone, there are about 8 million bone fractures/year of which 5-10% represent cases of healing delay or non-union fractures
that require the enhancement of the bone tissue innate regenerative capacity. In order to tackle these issues, tissue engineering (TE) presents itself as a phenomenal tool. TE has been defined [3] as an interdisciplinary area that combines the knowledge of the engineering and life sciences fields for the creation of functional constructs that improve, maintain or restore the function of a given tissue. The current TE paradigm encompasses the application of three basic elements: appropriate cells, a 3D polymeric matrix that supports cell growth, and growth factors that provide cells an adequate chemical environment [4, 5] . Nonetheless 
Bone biology
In the adult skeleton, bone tissue presents two different architectural forms: the trabecular bone [6] [7] [8] [9] , with 50-90% porosity, represents approximately 20% of the skeleton and can be found in the metaphysys of long bones and in vertebral bodies; and the cortical bone [6] [7] [8] [9] , an almost solid form of bone with a low porosity that represents 80% of the skeleton.
Osteoblasts, osteocytes and osteoclasts are the three main cell types that can be found in bone tissue, having each one of these defined functions crucial for bone homeostasis [10] [11] [12] [13] [14] . Osteoblasts, anchorage-dependent cells, are highly responsive to mechanical and chemical stimulus that are relayed through multiple cell-to-matrix and cell-to-cell interactions [15, 16] . These interactions are mediated through specific receptors and transmembranous proteins such as integrins, cadherins and connexins leading to bone's extracellular matrix production and mineralization [15] [16] [17] [18] [19] [13, 20, 21] [22] [23] [24] . In these pits, osteoclasts create an acidic environment and secrete lytic enzymes that become activated at low pH.
The exact mechanisms involved in bone homeostasis are still far from being well understood; however, two routes are currently accepted to be responsible for skeletal formation and maintenance: bone modelling and bone remodelling [25] [26] [27] . The modulation of skeleton geometry during growth, in order to reach the optimal geometry to fulfil the requirements of bone function, is referred to as bone modelling [25] [26] [27] . This process progresses by selective bone resorption or formation at specific sites. Osteoclastic activity is regulated independently of osteoblastic activity, i.e. bone formation never occurs where bone is being resorbed [25] [26] [27] . In opposition, in bone remodelling [25] [26] [27] , osteoclastic activity is strictly coupled with osteoblastic activity. Bone forming and bone resorbing activities occur in a coordinated manner, so that the amount of produced bone balances the amount of resorbed bone [27] . This coupling of bone formation and bone resorption is spatially enclosed within specialized anatomic structures called basic multicellular units (BMUs) [27] [28] [29] [30] . These temporary structures, mainly formed by osteoblasts and osteoclasts, exert their action in three sequential phases that, overall, constitute a bone remodelling cycle: activation (of remodelling activity in the target area), resorption and formation [27] [28] [29] [30] . It is currently accepted [27, 29, 30] [27, 29, 30] [27, 29, 30] . Bone vasculature is also decisive in the remodelling process. In addition to the demonstration of an intimate relation between new blood vessels and osteogenesis [31] [32] [33] , it was already proved that every BMU is located in the vicinity of a blood vessel [34] , which grows at the same rate the BMU advances [34, 35] [37] [38] [39] , macrophages [40] , endothelial cells [42] or myeloma cells [41] [44, 45] [46] [47] [48] , either in a 3D or a 2D environment, which is undoubtedly a major drawback when envisaging a possible clinical application. [49] [50] [51] [52] . Vascularization is regarded as essential in TE in general and in bone TE in particular [53, 54] . In the usual bone TE strategy, where bone cells are seeded and cultured in scaffolds before implantation, a recurrent find points out to cell death at the bulk of the scaffold by hypoxia [49, 50, 55] . It became clear that the production of a vascular network that could perfuse the engineered constructs is essential. So far, the proposed solution relies on the creation of a blood vessel network within an engineered tissue prior to transplantation by incorporating cells that will lead to blood vessel formation within the scaffold matrix [56] [57] [58] [59] and subsequent engraftment with the host tissue. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . It is therefore logical that the interaction of endothelial cells and osteogenic or osteoprogenitor cells is a critical issue to be explored by bone tissue engineers.
. However, a major issue that many tissue engineers fail to address is the atypical osteoblastic function of osteoblastic cells in culture when compared with osteoblasts in vivo. This is reflected on the quality of bone formed by osteoblasts in vitro
Another very important issue that greatly affects the performance of a TE construct is the vascularization issue since an insufficient blood supply in implanted engineered tissues will determine their failure
Moreover, the extent of knowledge regarding the interactions between endothelial cells and bone forming or osteoprogenitor cells indicates the existence of reciprocal interactions between both types of cells that are essential to their normal function
As described in the previous section, bone modelling and remodelling processes rely in the specific crosstalk between osteoblasts and osteoclasts. It is, for example, well established that osteoblasts are deeply involved in the formation of osteoclasts as well as in their correct functioning [47, [70] [71] [72] [73] [74] but the effects of osteoclasts over osteoblastic function are still poorly understood. Studies done with osteoclast-deficient mice models have shown not only a lack of bone resorption activity but also deficient osteoblastic activity, which is reflected in the quality of the formed bone [75, 76] . Dai et al. [75] [77] . Additionally, the vital importance of cell-to-cell interactions for bone homeostasis has been also reinforced by other works. Indications regarding the production of pro-osteogenic factors by osteoclasts were given in a study that proved that osteoclast-conditioned medium induced bone nodule formation by murine MC-3T3-E1 preosteoblasts [78] . Increasing attention has also been given to the signalling action between ephrinB2 cell surface protein, present in osteoclasts, and its receptor EphB4, present in osteoblasts [79] . [87] showed [92] . [84] . In accordance, Santos et al. [56] co-cultured hDMECs with primary human osteoblasts in starch-poly(3-caprolactone) (SPCL) fibre mesh scaffolds. Results showed that hDMECs self-assembled in a microcapilary-like structure (Fig. 2) , with a lumen where cells where positive for collagen IV, a marker of endothelial basement membrane (Fig. 3) . No such results were encountered in the control groups where hDMECs were cultured alone. Moreover, osteoblasts were found to produce more VEGF and their collagen I mRNA levels were significantly higher when in co-culture. This is a proof of osteoblast-endothelial cell bi-directional communication. Reinforcing this, similar results were reported [86] [89] . This is probably the best demonstration on how co-cultures provide a higher complexity culture system, with selfregulation, that can be of much use in TE approaches.
that co-culturing human umbilical vein endothelial cells (HUVECs) with hMSCs in a spheroid aggregate model up-regulated ALP expression of the hMSCs in comparison with monocultured spheroids. On the other hand, Kyriakidou et al. [91] found that co-culturing HUVECs with a human osteoblast-like cell line, MG-63, in porous poly(-caprolactone) (PCL) scaffolds under dynamic conditions favoured the proliferation of both types of cells but not their function. ALP activity and ECM production of the osteoblast-like cells did not show a significant enhancement in comparison to the controls. More interestingly, Yu et al. [92, 93] reinforced the potential of osteoblast/endothelial cell 3D co-cultures for bone tissue engineering purposes. ECs and osteoblasts differentiated from the bone marrow of BALB/c mice were co-cultured in hydroxyapatite-PCL (HA-PCL) scaffolds and implanted in a critical size bone defect in the femur of mice of the same strain [93]. The authors observed a dramatic increase in vascularization and bone formation in the co-culture groups in comparison with scaffolds only seeded with osteoblasts. In addition, necrosis was found to occur in the osteoblasts groups but not in the co-culture groups. Similar results were found by the same group in a work that was carried out under the same conditions but in rats
Besides the enhanced bone formation and vascularization without signs of necrosis, the co-culture grafts presented better mechanical properties than those only seeded with osteoblasts. A significant effort has also been applied to understand the effect of osteogenic or osteoprogenitor cells on the angiogenic potential of endothelial cells. Wenger et al. [90] established a 3D collagen-based co-culture system of HUVECs and human osteoblasts (hOB). In this model, cells were grown in spheroid aggregates (the result of cell's self-aggregation in non-adhering conditions), either homogeneous, only with HUVECs, or heterogeneous, HUVECs plus hOB, and then embedded in collagen gels
Overall, these approaches represent the growing awareness of bone tissue engineers to the significance of working on the vascularization issue prior to bone tissue formation, which is a natural evolution taking in account the (lack of) results delivered by typical TE approaches so far.
Osteochondral strategies
There are conditions where cartilage defects progress to the underlying sub-chondral bone, affecting, at the same time, bone and cartilage tissues [96] . In these cases, the application of osteochondral TE constructs is seen as a valid solution to regenerate both bone and cartilage tissues [97, 98] . To date, the proposed osteochondral TE constructs consist on co-culturing osteogenic and chondrogenic cells in 3D supports [99] [100] [101] 
